Inbreeding was analysed in a population of 14,144 polish black-and-White holstein-friesian (pbWhf) young bulls born between 1994 and 2017 and bred under both conventional and genomic breeding programmes. The inbreeding coefficients were computed using a model with genetic groups, according to the algorithm given by Vanraden. It was found that in the analysed population all bulls are inbred (100% of the population), with the mean coefficient of inbreeding ranging from 0.09% to 26.95%. pedigree analysis also showed a relationship between the changing number of bulls over the years and the dynamics of population inbreeding. these trends are connected with changes in the breeding scheme, related to the implementation of genomic selection in the breeding programme for pbWhf cattle in 2014. the increasing number of weaned young bulls in poland was paralleled by a fairly consistent increase in the mean inbreeding, but the inbreeding dynamics were relatively small. a reverse trend was observed in the group of young bulls born after 2013. as the number of bulls very rapidly decreased in successive birth years, the mean inbreeding for successive birth-year groups very rapidly increased. as a result, the estimated linear trend was equal to 0.02% inbreeding per year of birth in the group of bulls raised before genomic selection (~20 birth-year) whereas in the group of bulls raised after genomic selection (~4 birth-year) the trend was much higher and amounted to 0.56% inbreeding per year of birth. the high mean inbreeding found in the group of the genomically selected young bulls may translate into higher inbreeding in the whole population of pbWhf cattle, because these bulls are now intensively used as sires. the results of our study also show that the implementation of genomic selection in the breeding programme caused a very rapid increase in the inbreeding rate per birth-year in young bulls.
last decades, this has considerably accelerated breeding progress, thus increasing the effectiveness of breeding programmes (Strabel, 2001; Topolski and Jagusiak, 2011; Topolski 2017) . On the other hand, the widespread use of artificial insemination makes it possible to use a small number of the best bulls in breeding, which may be related. An increase in the relatedness of a population generally leads to undesirable changes in its genetic structure and contributes to increasing the mean inbreeding (Croquet et al., 2006; Pavlik et al., 2019) . In turn, a decrease in the mean degree of heterozygosity within a population is almost always paralleled by greater inbreeding depression, which is manifested by a decrease in the mean genetic and phenotypic value of quantitative traits (Parland et al., 2007; Bjelland at al., 2013; Topolski and Jagusiak, 2012; Topolski, 2017) . This decline in the population of Holstein-Friesian (HF) cattle has been well documented in the literature (Miglior et al., 1995; Smith et al., 1998; Thompson et al., 2000; Strabel, 2001; Wall et al., 2005; Sewalem et al., 2006; Parland et al., 2007; Panetto et al., 2010; Bjelland at al., 2013; Howard et al., 2017) . The negative effects of inbreeding depression are also found in populations of other species of animals (Różańska-Zawieja et al., 2013; Świderek et al., 2015; Polak, 2019) .
As it appears from the above, the high level of inbreeding in the female part of the population of cattle translates directly into inbreeding depression associated with a reduction in the values of production and functional traits. The increasing degree of homozygosity in the male part of the population -suggesting a high average relationship between groups of breeding animals from which dams and sires of bulls are selected -does not lead to a decrease in productivity, but indicates a systematically decreasing genetic diversity in their population. The use of these bulls in reproduction in the long term reduces genetic variability also in the cow population (Topolski, 2017) . Until recently, it was considered that the problem of increased inbreeding mainly concerns American subpopulations of HF cattle, but it is also becoming more serious in the European populations due to the "Holsteinization" (i.e., the use of a relatively small number of related HF bulls by crossbreeding with Blackand-White cattle) that has taken place in Europe in recent decades (Kania-Gierdziewicz, 2005; Sewalem et al., 2006; Sorensen et al., 2006; Parland et al., 2007; Pavlik et al., 2019) . In Poland, the widespread use of imported bull semen started in 1971 (Trela et al., 1995) . Filistowicz (1977) reported that already in the 1970s in Lower Silesia, breeding lines and related groups were created based on imported bulls, which were more numerous and more intensively used compared to domestic sires. Although the process of "Holsteinization" has largely ended in Poland, the import of HF sires of North American origin further contributes to the increase of inbreeding.
In practice, the undesirable consequences of the high mean inbreeding of a population are limited by the use of planned, individual matings. The Polish Federation of Cattle Breeders and Dairy Farmers recommends that individually mated cows and bulls have no common ancestors back two generations (PFHBiPM, 2018) .
The objective of the study was to investigate changes in inbreeding of the population of Polish Holstein-Friesian young bulls born over 23 years (about 4 generations) and bred under both conventional and genomic breeding programmes.
material and methods
The material used in this study consisted of the pedigrees of 14,144 Polish Holstein-Friesian (PHF) young bulls. The file comprised all young bulls raised in Poland and born between 1994 and 2013, evaluated and pre-selected based on their individual performance (IEB) and genomically evaluated young bulls (GEB) born between 2013 and 2017 (year 2017 includes only bulls with estimated breeding value in 2/2018 and born in early 2017). Only bulls of the Black-and-White strain were included in the file. The IEB and GEB bulls represent a kind of elite group of animals in the structure of the National Breeding Programme of the PHF breed, because they come from planned matings of parents with known origin and high breeding values. Therefore, they are candidates for sires of dams and sires of future generations. The IEB bulls were obtained as a result of the implementation of the breeding programme up to 2013. The young bulls (GEB) are the result of the implementation of a breeding programme based on genomic selection, implemented in Poland since 2014. Basic pedigree information was augmented with data from the Polish Federation of Cattle Breeders and Dairy Farmers' Pedigree File of Bulls. The final file contained the ID numbers of 73,159 animals.
When constructing a pedigree file that contained original animal ID numbers (numbers from the country of first registration), date of birth, sex, and barn ID, use was made of an original program written in Fortran 95, which makes it possible to approximate birth years for animals without this information and to check the birth years and sex of other animals for accuracy. This program was also used to determine the degree of pedigree completeness shown in Figure 1 .
The pedigree file was used to calculate the inbreeding coefficients using the "PEDIG 2007" package (Boichard, 2007) . The inbreeding coefficient was computed using a model with genetic groups, according to the algorithm developed by Van-Raden. Genetic groups were created using the rules specified by Westell et al. (1988) . In this approach, unknown parents are assigned to groups on the basis of sex and generation. Finally, a total of 32 groups were created -16 for unknown sires and 16 for unknown dams.
The means and standard deviations for inbreeding coefficients within years were calculated with R packages.
Linear regression and third order polynomials were used to determine trends in the number of bulls raised in Poland and the mean inbreeding of the population.
results Figure 1 shows the average pedigree completeness index per birth year of Polish Black-and-White Holstein-Friesian young bulls including the first 4, 6 and 10 generations of ancestors. The degree of pedigree completeness for the first 4 generations of ancestors for all birth-years of bulls was close to 100% and ranged from 97.30% in 2000 to 99.83% in 2013 and 2016. Average pedigree completeness indexes per birth year of bulls for further generations of ancestors (the first 6 and first 10) were 87.44% and 59.62% and increased from 80.38% and 45.69% in 1994 to 95.96% and 78.39% in 2016, respectively. Table 1 presents inbreeding characteristics for the population of PHF bulls according to year of birth. In the analysed population including a total of 14 144 bulls, the mean coefficient of inbreeding was 1.58% and ranged from 0.09% to 26.95%. In groups of IEB bulls this coefficient increased irregularly from 1.25% for animals born in 1994 to 1.75% for animals born in 2013. In groups of GEB bulls, the mean inbreeding coefficients increased quite appreciably from 2.13% for bulls born in 2014 to 3.78% for bulls born in 2017. Compared to the group of IEB bulls, this group of bulls also had higher minimum values of the inbreeding coefficient, which were 0.66%, 0.55%, 0.74% and 0.78% for animals born in 2014, 2015, 2016 and 2017, respectively. Average pedigree completeness (%)
Year of birth Table 2 shows the frequency of bulls depending on the inbreeding coefficient and year of birth. In the analysed population, almost 36% are bulls with a low coefficient of inbreeding (less than 1%). Bulls with an inbreeding coefficient of 1% to 3% constitute almost 40% of the entire population. The highest coefficients of inbreeding, from 6% to 18% and from 18% to 30%, were found for 1.35% and 0.03% of the population, respectively. For subsequent birth-year groups, the number of bulls with higher coefficients of inbreeding in general increased quite regularly per birth year.
Trends in the number of young bulls raised in Poland and the mean inbreeding of their population are shown in Figure 2 . In the analysed population almost 100% average completeness of pedigree was found in the first four generations of ancestors for all birth-years of bulls, which has a highly significant impact on the accuracy of calculating the recent inbreeding (Gurgul et al., 2016; Topolski, 2017) . In turn, considering further generations of ancestors, there was found to be a tendency for the average completeness of pedigree to increase along with successive birth-years of bulls. Therefore, the coefficients of inbreeding for the analysed bull population were computed using a model with genetic groups according to VanRaden's algorithm (VanRaden, 1992) . Studies by many authors (VanRaden, 1992; Wiggans et al., 1995; Lutaaya, 1999; Jagusiak and Żarnecki, 2002; Gurgul et al., 2016; Sell-Kubiak et al., 2018) have shown that the use of this method for genealogical analysis of dairy cattle increases the accuracy of the inbreeding coefficients, especially when pedigrees are incomplete. The inbreeding coefficients estimated from incomplete pedigrees may be underestimated because some relationships among ancestors may not be included (VanRaden, 1992; Wiggans et al., 1995; Cassell et al., 2003) . Lutaaya (1999) showed that the mean inbreeding coefficient calculated using a model with genetic groups is higher than the inbreeding coefficient calculated using the conventional method (Meuwissen and Luo, 1992), but the difference decreases as pedigrees become more complete.
In Poland, the quality of pedigree information in the dairy cattle population could have been affected by the Holsteinization process, whereby the HF breed was used for intensive crossing with the domestic population of dairy cattle (Jagusiak and Żarnecki, 1994; Trela et al., 1995) . As noted above, in recent decades Holsteinization has introduced large amounts of imported genetic material into the Polish cattle population (Jagusiak and Żarnecki, 1994; Kania-Gierdziewicz, 2005) . On the other hand, the use of so many imported bulls in domestic breeding might have contributed to the introduction of a considerable number of animals with incomplete pedigrees (Jagusiak and Żarnecki, 1994) .
The appropriateness of using the model with genetic groups in pedigree analysis of the Polish dairy cattle population is directly confirmed by the findings of Jagusiak and Ptak (2003), who compared inbreeding coefficients calculated using VanRaden and conventional methods for the Polish population of Black-and-White cattle with different percentages of HF genes. The comparisons were made with multigenerational populations of bulls born between 1978 and 1997 and with cows born between 1989 and 1999. The authors demonstrated that the first method produced higher inbreeding coefficients compared to the conventional method.
Based on the pedigree analysis, it should be noted that the analysed bull population is characterized by a large number of inbred animals, which constitute 100% of the population. The majority of animals are characterized by a low inbreeding coefficient (<2%), but in some bulls this coefficient ranged from 6% to 18%, and in others as much as 18% to 30%. Such high inbreeding is achieved by mating closely related animals, and, in the case of the coefficients falling within the latter range, even as a result of incestuous breeding. The mating of such closely related animals, in par-ticular incestuous mating, is considered to be a considerable error in dairy breeding (Miglior et al., 1995; Sewalem et al., 2006) .
The mean inbreeding coefficient in the bull population is relatively low (1.58%), ranging from 0.09% to 26.95%. The low inbreeding coefficients obtained in this study are higher than the coefficients reported before for the Polish populations of Black-and-White and PBWHF bulls (Jagusiak and Żarnecki, 1994, 2002; Kania-Gierdziewicz, 2005) . This concerns inbreeding coefficients calculated with the conventional method and with a method based on the algorithm of VanRaden (Jagusiak and Ptak, 2003) and confirms a steady increase in the mean inbreeding of the PBWHF cattle population.
The mean inbreeding coefficient, calculated by Kania-Gierdziewicz (2005) , for the Polish population of AI bulls was 0.28%. The same author also showed that the mean inbreeding of the bulls increased with the increasing percentage of HF genes in the genotype. The mean inbreeding coefficient was 0.17% for purebred Black-and-White bulls and 0.6% for purebred HF bulls.
Young and Seykora (1996) analysed inbreeding coefficients depending on the base year using a random sample of 600 US Holstein-Friesian cows. They considered the animals born in the base year as unrelated and noninbred. The mean inbreeding coefficient in cows born in 1990 decreased from 5.08% to 1.75% as the base moved from 1884 to 1960. A base year of 1950 gave a quadrupling of inbreeding estimates from 1970 to 1990. The same authors stated that the annual rate of increase in inbreeding, which ranged from 0.09% to 0.11% and depended little on the base year, was much better in describing the rate of inbreeding changes in the population compared to the mean coefficients.
Jagusiak and Ptak (2003) found that the inbreeding increase in the Polish population of Black-and-White cattle with different HF percentages is small (0.04% per year), and the highest inbreeding coefficients (close to 0.6%), computed for the youngest bulls, are three times as low as mean inbreeding in the US populations. The same authors considered that a slow but steady increase in the inbreeding level of the domestic cattle population may make it necessary to include inbreeding in the model for estimating breeding values. In the population of PBWHF bulls, the mean inbreeding rate was found to be increasing much more rapidly. The mean inbreeding coefficient increased during the analysed period from 1.25% in animals born in 1994 to 3.78% in bulls born in 2017. This means that the mean inbreeding increment in the population under analysis is 0.08% per year, which is twice as much as the value reported by Jagusiak and Ptak (2003) .
In our study, the pedigree analysis of the bull population also points to a relationship between the changing number of birth-year groups and the rate of inbreeding changes in the population. The increase in the number of bulls born before 2013/2014 and raised in Poland was paralleled by a fairly consistent increase in mean inbreeding, but the dynamic in the rate of inbreeding was relatively slow. An inverse trend was observed for the group of bulls born from 2014. As the number of bulls rapidly decreased for those years of birth, the mean inbreeding very rapidly increased for successive birth-year groups. In the population of IEB young bulls born from 1994 to 2008 investigated by Topolski and Jagusiak (2011), comparable trends in the mean inbreeding rate and number of bulls in successive years of birth were also noted for the dynamics of mean relatedness and for the number of bulls in successive birth years. The authors interpreted this relationship as the effect of changes in breeding policy, the high volume of semen imports and selection of bull dams and sires based on the BLUP -Animal Model, which uses a relationship matrix between animals (Henderson, 1975 (Henderson, , 1976 Topolski and Majewska, 2006; Topolski, 2008) . Currently, these phenomena can be primarily interpreted as the effect of changes in breeding policy related to the introduction of genome selection assumptions for the breeding programme in 2014.
In the initial period of the implementation of genomic selection for breeding programmes in dairy cattle, there was an optimistic prognosis about the dynamics of inbreeding as the introduction of a new method in the selection of dairy cattle. Daetwyler et al. (2007) suggested that genome-wide selection reduces the rate of inbreeding per generation compared to the traditional selection method based on best linear unbiased prediction (BLUP) selection. On the other hand, in stochastic simulation studies done by De Roos et al. (2011) it was shown that genomic selection in combination with a severe reduction in the generation interval can double the rate of genetic gain at the same rate of inbreeding per generation, but with a higher rate of inbreeding per year. The authors also suggested that the number of progeny-tested bulls can be greatly reduced, although this will slightly affect the quality of the proven bull team.
Meanwhile, the results presented in our paper show that there was a very rapid decrease in the number of young bulls (most likely associated with the desire to reduce the costs of raising and genotyping bulls by breeders) and a very rapid increase in the rate of inbreeding per birth year of bulls, as a result of the implementation of a breeding programme based on genomic selection in Poland. The possibility of a significant reduction in the number of bulls in the genomic selection method resulted in the fact that dams and sires with the highest breeding values (breeding elite) were selected as young bulls' parents, but which were also more related to each other than the average relationship in the entire population.
Such a rapid increase in inbreeding in GEB bulls must have been caused by relationships between ancestors especially in the first three and to a much lesser degree in the first four generations, whereas completeness of first four generations was almost 100% for both groups of bulls (Figure 1) . Although the completeness of pedigree containing further generations of ancestors was smaller for IEB bulls than for GEB ones, this could not have affected to a large extent the average inbreeding in both groups.
The increase in the inbreeding rate per birth year of Holstein cattle along with the implementation of genomic selection is also noted in other leading HF cattle populations in the world, in which there was not such a high reduction in the number of young bulls as in Poland. In a study by Forutan et al. (2018) , inbreeding coefficients were calculated in a sample of genotyped North American Holstein animals born from 1990 to 2016 using 50 k chip data and ROH patterns (FROH) and pedigree-based information (FPED) which was assessed before and after genomic selection. The authors reported that for animals born prior to 2010, before initial use of genomic young sires in North America, the average FROH increased by about 0.001 per year, while after implementation of genomic selection average FROH increased by about 0.005 per year. The average annual increase of pedigree-based inbreeding after implementation of genomic selection was also higher (0.003 vs. 0.001). These results show that average inbreeding is increasing at a faster pace than before implementation of genomic selection in North American Holstein. Doekes et al. (2018) investigated trends in genome-wide and region-specific genetic diversity in the Dutch-Flemish Holstein-Friesian breeding programme from 1986 to 2015. Pedigree and genotype data (~ 75.5 k) of 6280 AI-bulls were used to estimate rates of genome-wide inbreeding and kinship in these analyses. It was found that after introduction of genomic selection (around 2010), rates of inbreeding and kinship increased substantially while allele frequencies continued to change in the same direction as before genomic selection.
In our analyses, the highest mean increase of inbreeding found in the group of GEB bulls may today translate into an increase in inbreeding in the population of PBWHF cattle, because these bulls are now intensively used in breeding. In the long term, this phenomenon is very unfavourable because it will be associated with a significant reduction in genetic variance and increase the negative effects of inbreeding depression in the entire population. Therefore, there is an urgent need to develop appropriate solutions (breeding scheme) and methods of genetic improvement of dairy cattle to reduce the rate of inbreeding per birth-year and generation in the population selected using genomic selection in Poland.
One of the possible solutions for this problem is the application of the Optimum Genetic Contribution (OGC) theory to the selection of Holstein cattle in Poland. The idea of genetic contributions was first introduced by James and McBride (1958) and is currently often used in animal breeding as Optimal Contribution Selection (OCS). This method is based on maximizing genetic gain while reducing the rate of inbreeding by weighting estimated breeding values with average relationships among individuals. Many theoretical and simulation studies show that the use of OGC theory can effectively reduce the rate of inbreeding over generations with a minimal decrease of selection response in different species of farm animals, including dairy cattle (König et al., 2010; Oh, 2012) . Newer results of scientific research based on simulation studies show the possibility of using this method for management of inbreeding also in genomically selected animals (Woolliams et al., 2015; Wang et. al., 2017) .
Sanchez-Molano et al. (2016), based on a stochastic simulation research study, demonstrated that the use of optimum contribution strategies in a genomic context effectively reduces the rate of increase of inbreeding while ensuring genetic improvement in traits of interest, and genomic-based optimum contribution strategies can be recommended both from conservation and animal genetic improvement perspectives. In turn, the effectiveness of OCS applications on commercial data was confirmed in studies conducted by Howard et al. (2018) . The authors provide some support for the assertion that there is an advantage in combining Optimal Contribution Selection with genomic information, which can achieve more accurate prediction of Mendelian sampling term at an earlier age, to generate greater genetic progress over time, without negatively impacting the rate of inbreeding.
In conclusion, the results of our study indicate an unfavorable tendency to intensify inbreeding dynamics in the population of young bulls as the implementation of genomic selection in HF cattle breeding in Poland. The results obtained also indicate the need to calculate and analyse other parameters of the genetic structure of the population of young bulls, for a more complete knowledge of changes in the genetic diversity in the young bulls population.
